This was a study of subglacial deformation till genesis from a modern temperate glacier, at Sk alafellsj€ okull, Iceland. Detailed microscale properties of till samples (from Scanning Electron Microscope [SEM] and thin section analysis) were examined from a glacial site with in situ subglacial process monitoring and an exposed subglacial surface in the foreland. Two lithofacies were examined, a grey sandy till derived from the ash and basalt, and a silty reddish brown till derived from oxidized paleosols and/or tephra layers. These also represented a clay-content continuum from low (0.3%) to high (22.3%). The evolution from debris to subglacial till was investigated. This included a reduction in grain-size (21% for grey lithology, 13% reddish brown lithology), and reduction in rounding (RA) (32% for the grey lithology, 26% for the reddish brown lithology), and the quantification and analysis of the different grain erosion/comminution processes in the resultant till. It was shown that the microstructures within a till were dependent on shear strain and glaciological conditions (deformation history). The low clay content tills were dominated by linear structures (lineations and boudins, and anisotropic microfabric) whilst the higher clay content tills were dominated by rotational structures (turbates and plaster, and isotropic microfabric). These results are important in our understanding of the formation of both modern and Quaternary tills and informs our reconstruction of past glacial dynamics.
Introduction
Temperate glacier motion is due to creep, sliding and subglacial deformation; and so subglacial hydrology and sediment deformation play a key role in modulating glacier behaviours (Boulton and Jones, 1979; Murray and Dowdeswell, 1992) . The study of their interaction is vital for any prediction of glacier response to climate change, and the reconstruction of past glacier behaviour from glacial sediments. Understanding the subglacial environment must include a combination of in situ subglacial experiments (Fischer and Clarke, 2001; Murray and Porter, 2001; Hart et al., 2011a) , geophysical and geodetic survey (Woodward et al., 2003; Smith et al., 2007; Hart et al., 2011b) , geotechnical experiments (Kamb, 1991; Iverson et al., 1998; Sane et al., 2008; Altuhafi et al., 2009; Iverson, 2010) and sedimentology (Hart and Rose, 2001; Evans et al., 2006; O Cofaigh et al., 2011; Trommelen et al., 2014) . Such studies have illustrated that the processes within the subglacial environment can vary rapidly on both a spatial and temporal scale, with 20e85% of glacier motion occurring in a subglacial deforming layer (typically to 0.3 m depth) (Truffer et al., 2000; Boulton et al., 2001; Cuffey and Paterson, 2010) .
The key driver for subglacial till sedimentation is pore-water pressure (Alley et al., 1986; Boulton and Hindmarsh, 1987; Brown et al., 1987; van der Meer et al., 2003; Iverson, 2010) . Where pore-water pressures are very low, the till cannot be deformed. At intermediate pore-water pressures, subglacial sediments are deformed and behave as a shear zone (Hart and Boulton, 1991; Benn and Evans, 1996) . At extremely high pore-water pressures, there is ice-bed decoupling and/or shallow deformation (Fischer and Clarke, 1997; Engelhardt and Kamb, 1998; Iverson et al., 1999; Boulton et al., 2001; Damsgaard et al., 2013) . Hart et al. (2011a) was able to demonstrate, from in situ wireless probe data from Briksdalsbreen, Norway, the deformation patterns (discussed above) forming in response to an annual cycle of pore-water pressure changes. The resultant till is a mixture of all these processes.
Till is a granular material with complex geotechnical behaviour (see detailed discussions in Menzies, 2012; and Damsgaard et al., 2016) and involves the movement of particles at both microscopic (clast and matrix) and macroscopic (bulk rheology) scale. Although there have been debates about till behaviour, between a linear viscous model (Alley et al., 1986; Boulton and Hindmarsh, 1987) or plastic behaviour (Kamb, 1991; Tulaczyk et al., 2000) ; more recently it has been argued that there is a continuum in behaviour from 'stick' (little motion) to 'creep' (pre-failure, nonlinear deformation) to 'slip' (plastic failure) (Hindmarsh, 1997; Sane et al., 2008; Altuhafi et al., 2009; Hart et al., 2011a; Damsgaard et al., 2016) . During deformation, the particles (both grains and matrix) are rearranged, leading to grain erosion (comminution) (Gjessing, 1965; Hooke and Iverson, 1995; van der Meer et al., 2003; Hart, 2006a) which itself makes a contribution (due to changes in grain size and arrangement) to the deformation process.
The aim of this study was to investigate the formation of subglacial deformation till from beneath a modern glacier. To do this, sedimentological techniques (SEM, thin section and microfabric) are used alongside data collected from the unique Glacsweb in situ subglacial wireless probes Martinez and Hart, 2010) . There are three specific aims: i) the comparison of erosional characteristics between the debris and the subglacial tills; ii) the investigation of the styles of deformation (strain patterns) within the till; and iii) the influence of lithology and particularly clay content, on subglacial processes. The study of till genesis requires an understanding of both temporal changes (from modern studies) and spatial changes (often easier to determine from Quaternary studies), so that till can be actively used as a tool for the reconstruction of former glacier behaviour.
Sk alafellsj € okull

Field site
The study was undertaken at Sk alafellsj€ okull, Iceland (Fig. 1 ). This is an outlet glacier of the Vatnaj€ okull icecap resting on Upper Tertiary grey basalts with intercalated sediments (oxidized paleosols and/or tephra layers) (J ohannesson and Saemundsson, 1998) . The area of the glacier is approximately 100 km 2 with a length of 25 km (Sigurðsson, 1998) . In order to study the till sedimentology we collected the till from two locations (Fig. 1b) . One site that has been the focus of wireless in situ subglacial experiments (Site A) (Hart et al., 2015; Martinez et al., 2017) ; and a second from the proglacial foreland where there was an exposed subglacial surface (Site B). At the glacier site (Site A), bulk samples of supraglacial, englacial and proglacial material were collected alongside subglacial samples (collected via borehole). A second site was investigated in the foreland because it provided access to a recently exposed subglacial surface, where bulk and undisturbed subglacial till samples were collected from both a push moraine and a flute. The choice of two sites enabled us to use a wide range of sampling techniques and compare in situ subglacial processes and recently deposited subglacial till.
Site A
Site A (792 m a.s.l.) was chosen for subglacial monitoring because the glacier was flat and relatively crevasse free. Clast-rich till and small push moraines (<1 m high) were present along the greater part of the glacier margin. Numerous englacial debris bands and debris cones were also visible on the glacier surface throughout the glacier ablation zone (Figs. 1c and 2 ). These typically consisted of thin clast-rich layers (1e2 cm thick) with 4e10 layers in approximately 1 m thickness (Fig. 2) . Almost all the clasts were less than 1 cm in length (a-axis). Towards the margin, there were two sites where the debris-rich layers contained small lenses (a-axis less than 1 cm) of reddish brown clay-rich debris.
At this site, it has been shown from borehole and Ground Penetrating Radar (GPR) studies that the glacier rests on a till base, which comprises a patchwork of different till strengths (Hart et al., 2015) . The till/bedrock interface is clearly seen on the GPR, and is close to the surface (less than 1 m) at the margin and inclines beneath the glacier at approximately 30 degrees, so that at 150 m from the margin the till is approximately 2 m thick.
In addition, a wireless subglacial sensor network was installed to measure subglacial processes Martinez and Hart, 2010; Martinez et al., 2017) . Three wireless in situ probes were deployed in the till in 2008. In order to insert probes into the till, the boreholes were drilled to the base of the glacier and the presence of till checked with the video camera. If till was present it was hydraulically excavated (Blake et al., 1992) by maintaining the jet at the bottom of the borehole for an extended period of time. The probes were then lowered into this space, enabling the till to subsequently close in around them. The measured depth of the probes within the till is not known, but is approximated at 0.1e0.2 m beneath the glacier base, estimated from video footage of the till excavation at ice/till interface prior to deployment. The probes were deployed where the ice was 60 m thick and approximately 100 m from the glacier margin.
The Glacsweb probes show that throughout the year, the till was dominated by either stable high water pressure (>90% water pressure as a percentage of glacier depth), or variable water pressures (typically 67e86% water pressure as a percentage of glacier depth) with regular patterns of stick-slip motion (Hart et al., 2015) .
Site B
Site B (60 m a.s.l.) was dominated by flutes and moraines. In the south west of the area the moraines were 50e100 m long and 1e3 m high, with a proximal slope of 10e20 (located along the transect shown in Fig. 1d ). Each moraine comprised an upper clastrich till (0.2 m thick), and a lower unit comprising layers of silt, sand and gravel (Fig. 3 ). Samples were taken from three moraines located between 40 and 163 m (along the transect) from the 2008 glacier margin. At sites B1-3, within the lower laminated unit, were small (0.15 m high) folds, kink folding (0.1 m high), brittle faulting ( Fig. 3 ) and possible water escape structures.
To the north east of the transect, the foreland comprises a series of flutes and streamlined bedrock (with no underlying proglacial deposits). Site B4 was an exposure of reddish brown till (35 m from the 2008 margin, 175 m east of the transect) in a fluted area. This till lithofacies was also observed within three adjacent flutes (approximate size, 0.7 m high, 0.6 m wide, over 100 m long).
At the 2008 glacier margin, a saturated fluted till surface was being exposed. Throughout the foreland, till depth was variable (ranging from 0 to 3 m) and in places the bedrock was exposed relatively close to the surface, either as small streamlined outcrops (up to 2 m in area) or larger crags. It is suggested that the two layered sequence at sites B1-3 comprises a lower stratified unit formed within the lake, which was subsequently overridden by the ice between 1989 and 2000, during which time a subglacial till was deposited. Although detailed discussion of the formation of the moraines is beyond the scope of this paper, it is suggested this two layered sequence was then subsequently stacked during proglacial glaciotectonic deformation during the final re-advance in 2000. These push moraines are similar to those described by Humlum (1985) and Kruger (1985) at H€ ofabrekkuj€ okull, Iceland, where relatively thin slices of material, facilitated by lubrication along the bedding planes of the stratified sediments (Hart, 1990; van der Wateren, 1995; Phillips and Merritt, 2008) , were fractured into a series of thrust sheets.
Recent glacier movement and till depositional setting
Although the samples were collected between 25 and 110 m with respect to the 2000 margin, this is probably the result of the final proglacial stacking. Initial subglacial deposition could have occurred approximately 280e25 m (given a maximum compression of 50%) from the margin.
Most of the remainder of the foreland (outside of the area around the lake and transect shown in Fig. 1d ) is comprised of flutes, streamlined bedrock and small annual push moraines (Chandler et al., 2016) . Site B4 was within this area. The age of the reddish-brown till found within the flute at Site B4 is not known, although it is situated 200 m upglacier of the 2000 limit, and may also have been formed during the 1978e2000 advance.
The western side (Site A) was more stable and marginal positions were measured with dGPS in 2008, 2011, 2012 and 2014 , and over this time period has retreated at approximately 4.5 m a
À1
. The small push moraines at the margin were comprised mostly subglacial till that had been pushed up from beneath the glacier (Price, 1970; Sharp, 1984; Evans and Twigg, 2002) . The subglacial samples were all taken from approximately 100 m from the margin.
In summary, the samples collected represent different pathways of material within the glacial system. The englacial debris from Site A represents supraglacial sources of material (weathered from the bedrock, or directly from ash fall) combined with subglacial sources transported by englacial compressive shear planes to the surface. Subglacial material was collected from beneath the glacier and inside a push moraine at Site A, and from the foreland (with a moraine and flute) at Site B. The source of the subglacial material at Site A and B4 was the bedrock, whilst Sites B1-3 overlaid proglacial sediments (a high percentage of which would have originated from the subglacial system), and we assume that all the subglacial tills were deposited within 300 m of the margin.
Methodology
Sample collection
Bulk samples were collected from the surface of the glacier (Site A) and the proglacial area (Sites A and B). Till was also collected from the base of five of the boreholes (drilled with a K€ archer HDS1000DE hot water drill) with a subglacial sediment sampler attached to a subglacial percussion hammer (Blake et al., 1992; Rose and Hart, 2008) . Undisturbed samples were also collected from the foreland (Site B) in metal Kubeina tins measuring 8 Â 6 Â 4 cm, alongside bulk samples (Table 1) . .
Grain size analysis was undertaken on the bulk and borehole samples (apart from SK12 where the sample was too small, and so was used instead for SEM analysis). Samples representing the different locations (englacial or subglacial) and lithologies (grey or reddish-brown) were then examined by SEM (all the borehole samples were of a similar grey lithofacies). The undisturbed samples were used for thin section analysis..
Grain size
The grain size composition of the samples was determined through a combination of dry sieving and laser granulometry, and then examined using the GRADISTATv5 programme Pye, 2001, 2006) . The mean grain size was calculated using the Folk and Ward method (1957) (which takes the mean grain diameter of the 16th, 50 th and 84th cumulative percentile).
SEM
Small samples were mounted on stubs and coated with gold and analysed with a LEO1450VP scanning electron microscope. They were analysed with X-ray elemental mapping (at x 100 or x 150 scale) to measure the intensity levels of silicon and aluminium. Next an IMIX Image processing package was used to analyse each pixel of the image to isolate the quartz grains. The surface textures of the quartz grains were examined at a higher magnification and were analysed based on the techniques proposed by Mahaney et al. (1996) . This involves selecting twenty five quartz grains per sample and identifying the various different textures (morphological and mechanical) of each grain, according to a standardised table of features. The original surface (prior to glacial comminution) can be identified, and an estimation of its area (compared with the whole grain area) can be computed (based on the method of Mahaney et al., 1996; Mahaney and Kalm, 2000; Hart, 2006b) . At Sk alafellsj€ okull the original surface was relatively straightforward to identify it was very distinctive, comprising either ash ( Fig. 4a and b) (grey lithofacies) or clay ( Fig. 4l ) reddish brown lithofacies. Roundness was also measured, using the Powers (1953) method, and from this the RA value (percentage of clasts that are 'very angular' and 'angular'; Benn and Ballantyne, 1993) was calculated. In addition, the a-axis of the grains was measured.
Micromorphology
The samples were prepared and mounted on glass slides using the method of Carr and Lee (1998) . Samples were normally sectioned in one of three ways T ¼ vertical section oriented parallel with ice direction [tectonic]; P ¼ vertical section oriented perpendicular to ice direction [perpendicular] ; H ¼ horizontal section oriented parallel to ice direction [horizontal] . These were then analysed using a Nikon Eclipse 50i Petrological Microscope under plane and cross-polarised light. The slides were interpreted using a combination of the descriptions by van der Meer (1993), Menzies (2000) and Hart et al. (2004) .
The microstructures seen were defined as follows: skelsepic plasmic fabric e plasma (clay minerals) displaying parallel orientation to the grain edge; plaster -plastering of plasma (clay minerals) and silt around larger grains; turbates e small grains displaying parallel orientation to the edge of a larger grain; lineations e lines of clasts; intraclasts e lens of different facies; minishear zone e local highly oriented zones normally formed between large grains.
The VIPS image processing package (Cupitt and Martinez, 1996 ) was used to semi-automatically collect the orientation (from the sections orientated in the tectonic direction) and a-axis length from 100 clasts (from all thin sections) both on the whole slide at the optical scale and at the microscopic scale (normally at a magnification of 40). To calculate variation in grain size in the samples (sorting), the standard deviation was calculated and expressed as a percentage of the mean (s.d. %).
The Oriana software package was used to examine the orientation data. Rayleigh's Uniformity Test (Fisher, 1993 ) (Z) was applied which calculates the probability of the null hypothesis that the data are distributed in a uniform manner, where:
where n is the number of observations and r is the length of the mean vector. The mean vector (combination of the individual vectors) has two properties; its direction and length. The length will range from 0 to 1; a larger r value indicates that the observations are clusted around the mean. A probability (p) less than 0.05 indicates that the data were not distributed uniformly and that they show evidence of a preferred direction. The strength of any preferred orientation is reflected by the length of the mean vector.
Results
Grain size
The results of the grain size analysis are shown in Fig. 5 The majority of the sediment was grey in colour, derived from the basalt and ash. The mean matrix (less than 2000 mm) grain size of the ash-rich englacial debris bands was 150 mm. The mean matrix grain size of the upper grey till at Site B was 117 mm, and for the lower silt, sand and gravel unit the mean was similarly 107 mm.
However, the latter had a consistently low clay content (0.1%) whilst it was more variable in the till (5.3e0.1%). The sediment retrieved from the base of the boreholes was predominantly silt (7.9 mm), that was much finer than the proglacial samples. Rose and Hart (2008) have suggested that if there are boulders present on the till surface, this prevents the sampler from penetrating the till. Normally the sampler collects a sample representative of the matrix, but in this case only the finest fraction of the matrix was sampled due to the boulder-rich till surface which were observed in the foreland. Because of this, it is suggested that the proglacial sample SK1 probably represents the matrix grain size for the subglacial till at Site A. Since it has been suggested that the till at Sites B1-3 were formed during a readvance over the proglacial lake sediments, it is possible that some of this material was a source for the subglacial till (although, this material itself would be a combination of grains from subglacial, englacial and fluvial pathways redeposited within a lake). SK18 (Site B2) had a high matrix grainsize (low clay content), suggesting a higher percentage of proglacial components. The matrix grain-size distribution and overall grain size of SK16 (Site B1) was very similar to that of SK1 (from subglacial material at Site A) but had a very low clay content suggesting some influence from proglacial sediments. SK20 (Site B3) was intermediate between the two in matrix grain size, but had a much higher clay percentage, which suggests it also comprised a relatively low percentage of proglacial components.
The reddish brown till must derive from small outcrops of Tertiary oxidized paleosols and/or tephra layers which are composed of reddish brown clay. It appears that when this material was initially eroded from the bedrock, it remained cohesive probably due to its high clay content. The angular reddish brown clay-rich clasts (average clast a-axis length 1 cm) within the englacial debris-ice had a mean grain size of 13 mm, and the till at Site B4 had a matrix grain size of 10 mm. Fig. 6 shows the results from the surface texture analysis (separated into the grey and reddish brown materials), Fig. 4 shows some examples, and Table 2 gives a summary of the results.
SEM
The grey englacial facies are dominated by ash fragments (vesicles). These have either an irregular (Fig. 4a ) or linear shape (Fig. 4b) . They have an angular outline, low relief, high RA, and a high percentage of an original surface. However some grains do show evidence of erosion (Fig. 4c) . This shows that some of the ash passes through the glacier system with little change, whilst other ash grains undergo erosion (Fig. 4c) .
The grey till has lower percentage angular outline and RA, higher percentage of low relief, with little original surface ( Fig. 4d and e). The results are similar to the sample from the laminated silt, sand and gravel unit (SK19) (Fig. 4f) . Although the grain size of SK12 was not measured (due to a small sample size), we can assume its grain size was similar to the other subglacial samples (SK10-15) which had a mean grain size of 7.9 mm (range 2.5e19.0 mm). In addition, there was a very strong relationship between mean matrix grain size and mean SEM a-axis length for the grey tills (r 2 ¼ 0.98). Since we know the mean SEM a-axis for SK12, if we apply the relationship between derived from the other grey tills, this gives a mean matrix grain size of 22.11 mm, similar to the other measured samples. The englacial reddish brown clay is composed of many smaller fragments ( Fig. 4g ) (clay conglomerate), some ash fragments (Fig. 4h) and grains with evidence of erosion by ice (Fig. 4i) . The englacial samples have a medium angularity, RA and percentage of low relief, and a high percentage of small conchoidal fracture.
The reddish brown till sample has a medium angular outline, but low RA, low percentage of low relief and a high percentage of small conchoidal fracture ( Fig. 4j and k) , although some grains showed little evidence for erosion (Fig. 4l) .
Micromorphology
The thin section analysis for each sample was carried out in three parts. Firstly the whole slide was examined at the optical scale. Secondly, the slide was examined at microscopic (x 40) scale and an area was chosen at random with no particularly distinguishing features to represent the slide at that scale ('homogeneous'). Finally, specific areas of interest were investigated at x 40 scale. Table 3 shows quantitative data and Table 4 shows the presence or absence of different micromorphological features in the different tills.
Grey till facies
There were two examples of the grey till facies. Sample SK16 (Fig. 7a ) has low percentage of clay (0.3%); the thin section as a whole has a fine grain size (691 mm) and low sorting (s.d.% ¼ 69%).
In contrast, SK20 (Fig. 7b) has a much higher percentage of clay (5.3%), higher mean grain size (1774.5 mm) with higher sorting (s.d.% ¼ 148%) (Table 3 ). They also show very different structures when viewed under the microscope (Table 4) .
The clay-poor sample SK16 has a statistically orientated microfabric at both the optical and microscopic scale. The microstructures include turbates and lineations (Fig. 8) and mini-shear zones. In addition the till comprises irregular patches of fine grained and coarse grained facies. Two detailed studies were made of the two facies. Both examples have a similar size range, and both facies were well sorted. In both examples the fine-grained facies had an isotropic microfabric, but the coarse-grained facies was oriented in one example and isotropic in the other. In places it appeared that there may be a finer-grained till surrounding the clasts (a possible plaster, discussed in more detail below). However, a detailed study showed that there was no significant difference in grain size or sorting. The grains surrounding the clasts were not oriented, and the possible plaster carapace was discontinuous.
It is suggested that the coarse grained facies derives from the underlying proglacial sediments since at Site B1, the matrix of the till (SK16) is much finer than the proglacial sediments (SK17) ( Table 1) .
The microfabric of the clay-rich sample SK20 was also anisotropic at both scales. The microstructures include plaster and turbates (Fig. 9a) , and distinctive intraclasts of till. These are mostly rounded or semi-rounded with some angular intraclasts (Table 3) (Fig. 9b) . In places these intraclasts form a line (Fig. 9c ) and some are deformed (Fig. 9d) . Observation along the edges of some of the intraclasts shows penetration of the intraclast facies into the main till body (Fig. 9e) . Fig. 9f shows how some parts of the till comprise a darker facies similar to that found in the intraclasts.
The intraclast facies (as in the feature shown in Fig. 9c ) was coarser than the normal till matrix, but the particles were not oriented. However, the particles in the matrix in this location were also not well oriented. The intraclast-like facies shown in Fig. 9f had a similar grain size to the matrix, and was oriented. The plaster around the clast shown in Fig. 9a was also examined. The grain size was very fine with an oriented fabric.
There is not such an obvious link between the different facies and the underlying proglacial sands in this sample. The proglacial sediments (SK21) at Site B3 were finer grained than the till (SK20) ( Table 1 ) and it is suggested that the lighter facies may relate to the proglacial sediments, however it was not always the finest grained facies.
Reddish brown till facies
The reddish brown till (SK22) has a high percentage of clay (22.2%); although the thin section as a whole has a coarse grain size (1401 mm) and high sorting (122%). The sample has a statistically orientated microfabric at the optical scale, but not at the microscopic scale. The microstructures include a variety of turbates, including 'normal' turbates (flow around a grain), but also 'matrix' turbates with no central core as well as turbates around till intraclasts (Fig. 10a, b and c) . Fig. 10d shows an example of a shear zone between two larger clasts. This is relatively coarse grained, poorly sorted and anisotropic.
A distinctive aspect of the reddish brown till is the different styles of plaster and intraclast. Fig. 11a shows a typical plaster around a clast. Here the grains within the plaster are anisotropic, fine-grained and well sorted. The grains within the surrounding matrix are isotropic and those in the adjacent clay-rich (black) facies was anisotropic. Fig. 11c shows a till intraclast. Fig. 11b show a dark ring of fine grained material (plaster) surrounding a till intraclast. The microfabric of the intraclast till of the latter was investigated; this was fine grained, and isotropic.
Within the till there are intraclasts of clay, and a typical example is shown in Fig. 12 . These are assumed to be derived from the clayrich bedrock. This comprises a relatively undeformed core, with a more deformed carapace often including small till intraclasts. The overall form of this clay intraclast is normally attenuated. Some detailed microfabric studies were made of two till intraclasts within a larger clay intraclast. They were both fine grained, well sorted and isotropic. Examples of the deformation of the clay and till are shown in Fig. 13 .
Interpretation
Firstly, a comparison is made between the englacial debris and the subglacial till based on the SEM and grain size analysis results. This is followed by a study of the subglacial processes from the thin section analysis.
A comparison of the erosion in the debris and subglacial till
Numerous researchers have argued that features typical of subglacial erosion include arcuate steps, crescentic gouges, large breakage blocks, fractures plates and subparallel linear fractures (Margolis and Kennet, 1971; Krinsley and Doornkamp, 1973; Krinsley, 1980; Mahaney et al., 1996) . These features are clearly seen within the samples (Fig. 6 , summary in Table 2 ).
Soft bed subglacial comminution (grain erosion) can occur either by abrasion or fracture within the deforming layer (Hart, 2007) . A number of researchers have argued from laboratory and mathematical experiments, that a force network, represented by force-chains, transmits stress during deformation (Hooke and Iverson, 1995; Jaeger et al., 1996; Iverson et al., 1996; Peters et how stresses often concentrate in large grains, with some (usually smaller) particles excluded from the force-chain network and so are unaffected. Damsgaard et al. (2013) suggest that the failure of force-chains can be caused by particle crushing, rotation, sliding or changes in the stress field due to changes in pore-water pressure.
Those grains excluded from the force-chain network may retain their original surface (as seen at Sk alafellsj€ okull). Fracture may occur due to particle failure in a force-chain (Hooke and Iverson, 1995; Ouchiyama et al., 2005) , these may have a highly conchoidal form (e.g. Fig. 4c and d) . In addition, particles that have been sheared against smaller grains will be dominated by abrasion and develop a rounded form (e.g. Fig. 4e and f (left), i and j). These may be the result of the larger particles being cushioned by smaller particles (after breakup of the particles from stress fracture), or the reorganisation of the material as a result of dilation. Within a complex deforming layer, grains will be affected by both processes, although one will probably be more dominant (e.g. Fig. 4d and k) (Hart, 2006b) .
It has also been suggested that the erosion of grains leads to a terminal grain size (Dreimanis and Vagners, 1971; Haldersen, 1981; Sharp and Gomez, 1986; Iverson et al., 1996) . Hooke and Iverson (1995) argued that the final grain-size distribution will be fractal as this arrangement is optimal for distributing internal stresses and minimizing stress heterogeneities. However this model was questioned by Khatwa et al. (1999) who showed that fractal dimensions of supraglacial and subglacial diamicton matrix facies were not significantly different.
We can use the percentage of original surface as a proxy for the length of time and/or amount of erosion (strain history) that the material has undergone. There was a clear difference between SK4 
(englacial debris) (70% original surface), SK3 (englacial debris) (38% original surface) and SK12 (subglacial till) (5% original surface) (grey lithology without the effects of proglacial incorporation), and a corresponding reduction in grain size and decrease in RA. Material derived from the local geology would have been transported through the glacial system, and have experienced different amounts of erosion. Englacial material will be derived from a variety of sources (both supraglacial and subglacial). We would argue sample SK4 comprises a material that has undergone the least erosion, and has a high component of supraglacial debris. In contrast, SK3 has undergone intermediate levels of erosion, and reflects grains with a more complex transport history (higher subglacial component). The grains in the subglacial till (SK12) have undergone the most erosion. The subglacial tills that have a proglacial input (SK16 and SK20) similarly have a low percentage original surface, lower grain size and RA (than the englacial debris). This reflects direct subglacial erosion as well as the incorporation of proglacial sediments, which have very similar characteristics as they were derived from subglacial tills.
The percentage of original surface is not a good measure of overall erosion in the reddish brown lithology due to the clay structure. Instead the percentage of fracture plates (low in the debris, 32% SK8 and 9; high in the till, 80% SK22) and roundness (angular in the debris, RA 49%; rounded in the till, RA 36) indicate the change from debris to till.
We suggest this allows us to investigate the evolution from debris to till. Allowing for the complexities discussed above, our results show the reduction in grain size from englacial debris to till for the grey lithology was at least 21% and for the reddish-brown lithology was at least 13%. In addition, the overall rounding of the grains (RA) from the debris to the till was at least 32% for the grey lithology and 26% for the reddish-brown lithology.
In order to attempt to quantify the relative amounts of abrasion and percussion in the debris and tills we have used the textural characteristics results. The percentage of grains with low relief is a good indicator of abrasion (at the scale of grain studied -see Table 2 ), and the percentage of crescentic gouges is a good indicator of percussion. Using these indices we can investigate both amount, and styles of erosion for the grey lithology (Fig. 14) as a function of shear strain. There is an erosional style continuum from the debris (SK3 & 4elow shear strain) to the tills (high shear strain). It could be argued that percussion would be more efficient at low strains where the grain-size distribution is narrower and as the material approaches the fractal grain-size distribution, abrasion dominates. These indicators may reflect the crystallographic structure of the mineral, may not have universal application. This relationship does not really apply to reddish-brown till, probably due to the high clay content (discussed in more detail in section 5.7).
Deformation of the subglacial till
The structures described in Table 4 can be divided into rotational features (plaster, skelseptic fabric and turbates) and linear features (lineations, shears, boudinage and mini-shear zones [localised shear zones associated with larger grains]) (Hart, 2006b ). Numerous researchers have argued these structures are typical of subglacial deformation (van der Meer, 1997; Khatwa and Tulaczyk, 2001; Carr and Rose, 2003; Hiemstra and Rijsdijk, 2003; van der Meer et al., 2003; Hart et al., 2004; Menzies et al., 2006; Menzies, 2012; Reinardy et al., 2011; Menzies et al., 2016) , and form as a result of simple shear within a subglacial deforming layer Roberts and Hart, 2005) . This produces rotation, extension and compression (Means, 1976; Hart and Boulton, 1991) which causes the erosion/breakdown and deformation of material (Fig. 15a) , and the formation of individual structures are discussed in more detail below.
Intraclasts
Till intraclasts typically form where there are distinct till facies, which are effected by folding, shearing, attenuation and boudinage (Fig. 15b) . Once they are formed within a shear zone, they act as obstacles within the deforming layer. They will become rounded by rotation, elongated due to longitudinal shear, or folded when effected by a more complex shear/competency regime. The irregular zones of coarser material observed in the clay-poor grey till (SK16) (Fig. 8 ) may result from incorporation and then attenuation of the proglacial materials from below the till. Similarly this occurred in the clay-rich grey till (SK20) (Fig. 9) , along the edge of the intraclast, the till is folded and attenuated on the smaller scale, and in this way the intraclasts will become broken down to form a darker facies (Fig. 9e) .
Clay erosion/breakdown
A similar pattern of deformation was seen in the clay in the reddish brown till (Fig. 15b) . Once the clay undergoes subglacial shear (by rotation and attenuation) it begins to break down and 'mix' with the till. Since clay is highly cohesive it will have a different competence from the till. In some locations, the till appears to be the more competent material (Fig. 13a, b and c) , whilst in others it is the clay (Fig. 13 d, e and f) .
Initially, during the subglacial deformation of a clay-rich bedrock, the clay would dominate but overtime it becomes broken down within the till matrix. Given the structures observed it is suggested that attenuation leads to boudinage ( Fig. 13b and e;  Fig. 15bii ), compression results in the brittle faulting ( Fig. 13c and f,  Fig. 15biii ), and rotation causes the intraclast to become abraded/ rounded ( Fig. 13a and d, Fig. 15bi ).
Plaster
It has been argued (van der Meer, 1993; Hart, 2007) that there were two forms of plaster. A depositional type, where fine grained material is accreted on to the grain as it rotates (Fig. 15ci) , and an erosional form where an intraclast is eroded into a smaller form by rotation until only a carapace remains (Fig. 15cii) . This was clearly seen within the reddish brown till at Sk alafellsj€ okull. Fig. 11a and b shows a depositional form (plasters around a clast or intraclast) and Fig. 11c illustrates an erosional form. Once intraclasts of material are produced within the deforming layer, due to boudinage, shearing or folding, they will be deformed (attenuated) and/or rotated within the deforming layer. These intraclasts themselves can form a depositional plaster (Fig. 11b) . 
Fabric
Field and theoretical studies have shown that fabric within a deforming layer can be either weak or strong (Jeffrey, 1922; March 1932; Glen et al., 1957; Thomason and Iverson, 2006; Hart et al., 2009; Damsgaard et al., 2013) . The factors promoting continuous particle rotation (weak fabric) are simple shear, interaction between inclusions and a higher inclusion concentration (Ghosh and Ramberg, 1976; Hart, 1994; Hicock et al., 1996; Mandal et al., 2005; Evans et al., 2016) . Factors promoting clasts behaving as a passive strain marker (strong fabric) would be a thin shear zone (Hart, 1994; Benn, 1995) , inclusion/matrix slippage (Ildefonse and Mancktelow, 1993; Iverson et al., 2008) , pure strain, elongation of inclusions and pre-existing matrix isotropy (Ceriani et al., 2003; Kjaer and Kruger, 1998; Carr and Goddard, 2007) . Thomason and Iverson (2006) were able to simulate these stable conditions in ring-shear experiments, and show how increased strain, lead to an increase in anisotropy. However, in the subglacial shear zones conditions (e.g. grain-size, sorting, pore-water pressure, shear zone thickness) are always changing and so the relationship between strain and fabric is more complex.
There was no relationship between mean grain size and strength of orientation (length of mean vector r) for the samples at the optical scale. At the microscopic scale there was a general positive trend (Fig. 16a) . There was also a relationship between increased clay content and decreased microfabric strength at both the optical and microscopic scale (r 2 ¼ 0.95 and r 2 ¼ 0.79 respectively) (Fig. 16b) . The fabric strength of the tills within the intraclasts were indistinguishable from the matrix, but the results from the plaster are distinctly fine grained and highly oriented. However, there was no relationship between sorting and fabric strength, which has been previously, reported in the literature (Hart et al, 2004; Hart, 2007) .
Deformational style
The two grey tills (SK16 and 20) have a higher mean grain size (Table 1) , higher percentage of grains with low relief, lower percent original cover and higher RA values (Table 2) , than the reddish brown till (SK22). The clay-rich grey till (SK20) is intermediate (between SK16 and SK22) in all these parameters (apart from grain size).
The two grey tills have some similarities in deformational style and microfabric, and both comprise two till facies (coarse and fine grained). The clay-rich SK20 contains a series of intraclasts (which are more poorly sorted than the matrix), whilst clay-poor SK16 contains irregular bodies of fine and coarse grains facies.
Overall the grey till was dominated by lineations and boudinage with an anisotropic microfabric. This reflects a longitudinal shearing dominance. In contrast, the reddish brown till was dominated by turbates and plaster with an isotropic microfabric, reflecting a rotational dominance.
A number of researchers have attempted to reconstruct strain from within the deforming layer from ring shear experiments Thomason and Iverson, 2006) and thin section analysis (Hiemstra and Rijsdijk, 2003; Menzies et al., 2016) . Larsen et al. (2006) suggested that as shear strain was increased (within a ring-shear experiment), the number of microstructures increased until strain reached a threshold (strains between 7 and 18). After this the number of structures did not increase, and the types of structures remained similar at different strains.
In contrast, Menzies et al. (2016) have argued that increasing strain and/or time lead to distinctive microstructures, from the development of edge-to-edge grain crushing through grain stacks (lineations), microshears, rotational structures, deformation bands/ shear zones (mini-shear zones) to domains (intraclasts).
Our results do not agree with this latter model. Instead we suggest that our results are closer to the ring shear experiments of Larsen et al. (2006) and reflect a deformation cycle (Hart, 2007) . Materials of different competence within the deforming layer are subjected to simple shear which is affected by both compression and extension leading to a predominance of rotation or attenuation. Neither one necessarily represents more strain than the other. New material is constantly being brought into the deforming layer (from the ice above, advection from the deforming layer up glacier, and incorporation from the underlying layer, Hart and Boulton, 1991) , so microscale deformation patterns are always changing. Menzies et al. (2016) suggest that grain-size (in particular, clay content) will affect their deformation continuum, based on laboratory studies by Tembe et al. (2010) on clays in fault gauges. Although, the clay contents for the microstructure regimes from these experiments (Skempton, 1964; Lupini et al., 1981; Logan and Rauenzahn, 1987; discussed in Tembe et al., 2010) are much higher than found in normal tills, they do show similar structures to till studies. Tembe et al. (2010) describe three regimes and the associated deformation features: regime A (high strength), 0e25% clay with lineations and shears; regime B (intermediate strength), 25e70% where quartz grains are relatively well preserved and surrounded by clay, with shears; and regime C (high strength), over 70% clay with pervasive alignment of clay grains, discontinuous alignment of sand grains, and little quartz grain fracturing.
Our results, although all within the lower regime, show the following relationship between clay content and deformational pattern. As clay content increases from SK16 (0.3%) to SK22 (22.3%) we see a decrease in both abrasion and percussion, a change from clast lineations (at low clay contents) to intraclasts (both till and clay) and presence of a plaster (at higher clay contents). We also see a decrease in microfabric fabric strength with an increase in clay content at the optical and microscopic scale. The low clay content tills are dominated by longitudinal shearing and the high clay content tills by rotational shearing. Larsen et al. (2006) report contrasting microstructures from two tills with similar grains-size. The Knud Strand tills (Denmark) (Larsen et al., 2004) had predominately brittle forms and the Kurzetnik till (Poland) (Larsen and Piotrowski, 2003) had predominately ductile forms. Larsen et al. (2006) suggest the different microstructures reflect different deformation histories; with the former resulting from multiple basal decoupling and coupling events . Similarly, Hart et al. (2011a) suggested brittle deformation would result from winter stick-slip events.
We have data from three subglacial environments: a) grey till overlaying till and bedrock (Site A); b) grey till overlying proglacial sediments (which would be derived from the subglacial and lacustrine environments) (Site B1-3); and c) reddish brown till overlying till and bedrock (Site B4). Although it could be argued that shear stresses will vary within the subglacial till associated with the different ice thicknesses and duration at the different sampling sites, there were sufficient similarities in erosional and deformational styles to allow a comparison with the in situ data from Site A.
Data from the Glacsweb probes at Sk alafellsj€ okull showed evidence for stable high pressures and variable water pressure cycles with stick-slip motion (Hart et al., 2015) . During stable high water pressures, conditions are more likely to produce a constant erosion of the grains, and development (longitudinal shearing or rotation) of the microstructures. However, where variable water pressures occurred this would lead to changes in the thickness of the deforming layer, leading to more complex microstructure development. Associated with stick-slip motion, there may be periods of bed separation and bed re-connection causing fracture (as Fig. 13 . Micromorphological details of the deformation of clay intraclasts in the reddish brown till: a) small rounded clay intraclast; b) attenuation and boudinage of the clay intraclast; c) clay sheared into till; d) till lenses within a clay intraclast; e) attenuation and boudinage of the till; f) till sheared into clay intraclast. suggested by Piotrowski et al., 2006; Hart et al., 2011a) .
Thus, the resultant microstructures within a till will be dependent of shear strain, glaciological conditions (deformation history) and grain size and this has been clearly demonstrated at Sk alafellsj€ okull.
Conclusion
This is a study of the formation of deformation till beneath a modern Icelandic glacier. We show the evolution from debris into till for two lithofacies. We demonstrate how some grains pass through the glacier system relatively undisturbed, whilst others undergo comminution (grain erosion). Once within the subglacial deforming layer, grains will be sheared, and be dominated by both percussion and abrasion.
Within the till we show the microstructures resulting from the deformation within a subglacial shear zone. This includes linear structures such as lineations, shears, localised shear zones and boudinage; as well as rotational structures including turbates and plaster. In addition there is evidence for intraclasts of both till and clay. These form within a shear zone, and act as obstacles to flow, and become incorporated into the till. We demonstrate the rotational and extensional deformational processes which act together to cause further breakdown (erosion) within the deforming layer.
We are able to demonstrate different processes occur in response to clay content within the till. The tills with low clay content were dominated by longitudinal shearing (high levels of abrasion and percussion, lineations and boudinage with an strong microfabric), whilst those with a higher clay content were dominated by rotation (abrasion and percussion, turbates and plaster Fig. 15 . Schematic diagram to show the formation of features within the deforming layer: a) the effect of simple shear (rotation, extension and compression) on a theoretical two layered unit within a shear zone; b) till or clay intraclasts in a zone, i) dominated by rotation (ductile); ii) dominated by extension (attenuation and boudinage) (ductile); iii) dominated by compression (brittle); c) formation of plaster within the deforming layer (not a scale, these may be grains or intraclasts), i) depositional plaster where fine grained material (shown as black) is accreted on to the grain ii) erosional plaster where an intraclast (shown in white) is 'eroded' into a smaller form. with an weaker microfabric).
These processes produce a deformation till, which has many similarities to those found in Quaternary environments, and so these can be used to help reconstruction past glaciological conditions.
